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ABSTRACT
Vermont’s inland lakes are changing rapidly in response to anthropogenic
disturbance pressures. While changes in water chemistry are well documented across the
state, the biological response of primary producer communities to these shifts remains
poorly understood. This project investigated the response of phytoplankton communities
to the interacting effects of recovery from acidification and climate change in highaltitude lakes. We analyzed long-term monitoring and meteorological data in four of
Vermont’s acid-impaired lakes and found that as pH and acid-neutralizing capacity has
increased, so have concentrations of dissolved organic carbon (DOC) in most lakes. To
assess the biological response to these processes, we collected spring, summer, and fall
phytoplankton samples in four focus ponds representing a gradient of DOC
concentrations (Beaver, Big Mud, Bourn, Haystack) during ice-free seasons of 2018 and
2019. In addition to this, we reconstructed paleo-chemistry and diatom community
composition in Beaver Pond from approximately 1836 to the present. Phytoplankton
community composition varied seasonally within and between lakes, but was generally
dominated by chrysophytes, chlorophytes, and diatoms. We found low concentrations of
potentially bloom-forming cyanobacteria at all sites (Pseudanabaena spp., Microcystis
spp.), but did not observe bloom events during the study period. Paleolimnological
analyses indicate that the largest shift in in diatom community composition has occurred
over the last 30 years in Beaver Pond, but that modern assemblages are different than
those present pre-acidification, suggesting a new ecological trajectory as aquatic systems
face increased climate pressures.
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CHAPTER 1: ACID IMPAIRED LAKES IN VERMONT
Introduction
In recent decades acid rain deposition has emerged as a leading environmental concern
causing stress on aquatic environments in the northern hemisphere in addition to regions of
Europe (Stoddard et al. 1999; Driscoll et al. 2001a; Adrian et al. 2009). This complex problem
coupled with the intensity of climate change pressures is changing the dynamics of aquatic
waterbodies on both regional and global scales (Williamson et al. 1999; Carpenter et al. 2007).
Due to their sensitivity to changes in the surrounding landscape and atmosphere, lakes serve as
important resources, reflecting environmental change and acting as early warning systems (Strang
and Aherne 2015) .
Acid rain was first identified in surface waters in the 1960s and early 1970s and was
deemed an environmental issue due to the adverse effects it had on water chemistry and the loss
of aquatic biota. However, with the establishment and introduction of legislation that reduced the
amount of emissions in the atmosphere that contributed to the formation of acid rain, there is a
growing body of evidence outlining waterbodies are beginning to recover chemically from
acidification. Following the passage of the Clean Air Act (CAA) in 1970 and the Title IV of the
Acid Deposition control program of 1990, many lakes in Vermont, USA and across the northern
temperate zone have seen positive trends of long-term recovery (U.S. EPA 1970; EPA 1990).
Chemical recovery is often defined as increases in pH, acid neutralizing capacity and dissolved
organic carbon (DOC) concentrations (Battarbee et al. 2014; Anderson et al. 2017).

Recovery from acidification
Changes of in-lake water chemistry follow declines of sulfate emissions and as a result,
increases in pH and alkalinity (Driscoll et al. 2006; Keller et al. 2007a; Anderson et al. 2017). In
recent decades there has been extensive chemical recovery (documented increases of pH) of lakes
impacted by acidification in northeastern United States (Arseneau et al. 2011). Coupled with
increased pH, DOC concentrations in lakes have increased which has been linked to climate
change pressures and recovery from acidification (Strock et al. 2017; Gavin et al. 2018). The
darkening of lake water via increased DOC, which is often referred to as “brownification”, can
likely be attributed to decreased sulfate deposition, increased soil temperatures and increases in
precipitation events, all of which can increase mobilization and export of DOC and nutrients
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from the terrestrial environment and watersheds to downstream lakes (Likens and Butler 1981;
Evans et al. 2006; Monteith et al. 2007). In the state of Vermont, increases in DOC concentrations
have been reported in roughly half of the lakes (6) deemed as acid impaired. These increases can
dramatically alter in-lake ecosystem function as DOC is a main controller of light penetration
within the water column (Williamson et al. 1999; Fowler et al. 2018). The selected ponds in this
study and their response to climate change and acid rain provides a unique opportunity to further
examine their chemical and biological make-up while experiencing environmental change.
Established in 1980, the Vermont Long-Term Monitoring of Acid Sensitive Lakes
Program (VLTM) has been recording water chemistry in a suite of 12 remote low ionic strength
lakes throughout the state. This is a cooperative project conducted in partnership with the United
States Environmental Protection Agency (US EPA) and managed by EPA’s Clean Air Markets
Division. Long-term water chemistry data are collected by Vermont Department of
Environmental Conservation (VT DEC) for the acid rain program annually in the spring, summer
and fall from the deepest location of the lake. VT DEC maintain a database of annual water
chemistry data (pH, dissolved organic carbon, temperature, Gran alkalinity, dissolved oxygen,
conductivity, total phosphorus, total nitrogen, speciated aluminum, and earth metals). This
extensive database provides us access to distinct changes in water chemistry that indicate
recovery from acidification. However, there is no biological record to accompany the long-term
water chemistry data at the sample sites. Recovery of biological communities from acidification
can be more challenging to distinguish and slower to occur than chemical recovery and remains
largely unknown (Arnott et al. 2001a; Battarbee et al. 2014).

Teasing apart biological recovery from acidification
As lakes in Vermont recover from acid rain deposition, we are unsure how their
biological communities will change in response to shifting water chemistry. Four focus lakes
(Beaver, Big Mud, Bourn, Haystack) monitored by the Vermont Department of Environmental
Conservation (VT DEC) were selected for this study. Due to their remote locations and lack of
human interference, these sites are critical for understanding long-term trends in acid recovery
because of their changing chemical profiles. Long-term monitoring efforts provide a model
system for research to investigate the interacting effects of climate change and recovery from
acidification (Williamson 1999). In Vermont and surrounding regions, assessing biological
recovery from acidification is complex as it often lags behind chemical recovery (Frost et al.
2006a). There is not one mechanism that causes biological recovery from acidification to be a
slower process than chemical recovery—this lag may be due to a handful of factors including
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climate change pressures (increases of surface water temperatures, stronger stratification and
altered mixing regimes, and storm intensity and frequency), nutrient availability and the current
chemical status of the lake (Gunn and Sandøy 2003; Tropea et al. 2009).
To best assess biological change we conducted a multi-component study that is outlined
in the following two chapters. Both chapters analyzed long-term water chemistry (pH, DOC) and
surface water temperatures and identified trends that are indicative of recovery from acid rain
deposition. Chapter two is a paleolimnological study that analyzed the shift of in-lake diatom
communities along with sediment geochemistry from an acid impaired waterbody, Beaver Pond,
and related those changes to recovery from acidification. Chapter three is focused on the current
phytoplankton community composition at the four selected study sites over a two year study
period. Together with the results from our long-term water chemistry and algal community
composition we aimed to assess the current relative abundance of potential bloom-forming
cyanobacteria in the select acid impaired systems.

Paleolimnology

Paleoecological studies provide long-term records of change, distinguish patterns and
reveal the shifts of in-lake diatom communities, offering a window into historical community
composition prior to, during, and following acid impairment (Dixit et al. 1992b; Smol et al.
1998). Diatoms are uni-cellular organisms that are powerful indicators of change and have
defined tolerance ranges for pH, nutrients, temperature and light availability that make them
sensitive to shifts in the environment (Dixit et al. 1992b). Paleolimnological literature has
previously described recovery as a return to pre-disturbance species assemblages within the
system (Arseneau et al. 2011).
Collecting both paleolimnological and modern ecological data has provided us with
greater resolution to interpret change and assess biological recovery in this system. Using
paleolimnological techniques we identified patterns in diatom community assemblages and shifts
in different taxa. We used geochemical analyses (%C, %N, C:N) to assess change in watershed
land-use and in-lake productivity. Beaver Pond is an ideal study site due to its remote geographic
location and its acid impaired status. Trends in our chemical analysis inform us that Beaver Pond
is recovering from acidification. There have been increases in pH and ANC in addition to
concurrent increases in surface water DOC concentrations.
Biologically there are shifts in sediment diatom communities throughout the ~175 year
study period. Acid sensitive diatom species (Discostella stelligera, Staurosira construens) are
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present pre-acidification. When acid rain was most intense, community assemblages shifted to
favor acid-tolerant taxa (Eunotia spp) with subsequent losses of acid sensitive taxa. Within recent
decades there have been observed changes in water chemistry and increased pressures of climate
change. These shifts coincide with the re-emergence of acid-sensitive taxa in addition to taxa that
have a higher tolerance for light limited systems (Tabellaria flocculosa, Frustulia rhomboides).
This study highlights that Beaver Pond is recovering from acidification and that future species
composition may be on a new trajectory based on how climate change is impacting the system.

Phytoplankton community composition
Phytoplankton are excellent ecological indicators of environmental stress and provide a
lens into ecosystem function of aquatic systems. Many questions remain regarding how
phytoplankton communities have responded to recorded increases in pH, DOC and nutrient
concentrations in acid lakes. In a sense, acid lakes have been protected from the sleeping giant of
climate change processes that may promote algal blooms due to their low pH conditions that
cannot support bloom-forming taxa. However, as lakes recover and environments shift and
become conducive to supporting aquatic life, they are faced with a new threat of colonization by
primary producers that prefer warm surface waters, clear water and increased nutrients (Momen
et al. 2006; Birks et al. 2012; Stager et al. 2016).
The third chapter characterizes the current phytoplankton composition in the selected
study sites. Since limited historical data exist on phytoplankton communities at our study sites,
we are unsure how different communities are responding to light conditions in brown lakes versus
those in clear lakes. Cyanobacteria have a 3.5 billion year evolutionary history that has allowed
them to adapt and thrive in adverse conditions (Vincent 2009). At present, the acid-impaired
study sites may not be favorable for blooms, however as their chemistry continues to change, they
are likely on a trajectory to be. The specific aim of this study is to assess phytoplankton
community composition and the risk of Vermont’s acid-impaired lakes to cyanobacteria blooms.
The selected study sites span a gradient of pH and DOC concentrations making them
model locations to study biological recovery from acidification. Evidence from long-term water
chemistry reveal significant increases in pH and DOC at three of our four sites, indicating signs
of recovery from acidification. DOC concentrations vary at the sample sites and may either
hinder phytoplankton growth, or favor low-light adapted taxa that can effectively utilize
facultative heterotrophy and take up DOC when light limitation does not allow for photosynthesis
(Rothenberger et al. 2009). This may result in the formation of blooms in low-light DOC enriched
environments assuming nutrient conditions can maintain growth (Paerl and Otten 2013).
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Our research provides an assessment of the current phytoplankton community
composition at the selected study sites. During the two year period we observed seasonal
variation in phytoplankton communities with chrysophytes, chlorophytes and diatom as the
dominant taxa. We observed ambient concentrations of cyanobacteria at the study sites but did
not observe any bloom events during the sampling period. We anticipate this study serving as a
starting point for monitoring phytoplankton community composition in acid impaired lakes that
may be susceptible to the formation of cyanobacteria blooms.

Conclusions
It is challenging to disentangle if recovery from acidification or climate change are
governing the changes in biology in recent decades. To identify gaps in our knowledge of how
lakes are biologically recovering from acidification there needs to be continued monitoring of
changes in water chemistry and phytoplankton community composition. This supports the idea
that despite recovery from acidification, modern biological communities are influenced by
additional interacting pressures. Together, our modern and paleolimnological analyses indicate
that these sensitive ecosystems are rapidly changing in response to multiple pressures, but more
work is needed to assess their risk of shifts to a cyanobacteria-dominated state.
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CHAPTER 2: PALEOLIMNOLOGICAL EVIDENCE OF CHEMICAL AND
BIOLOGICAL RECOVERY FROM ACIDIFICATION IN A MONTANE LAKE
Abstract
There has been documented evidence of chemical and biological recovery from acid rain
in lakes in the northeast United States. This study explores the impact acidification has on Beaver
Pond, an acid-impaired lake in Vermont, USA. We analyze long-term seasonal trends in water
chemistry data collected by the Vermont Department of Environmental Conservation (VT DEC) to
assess the extent to which the waterbody has been acidified and if there have been signs of chemical
recovery since the beginning of the monitoring period (1985-present). Often, biological recovery
in acidified waterbodies is more challenging to realize than chemical recovery as changes in
community composition can happen at a slower rate. To assess both, this investigation has two
main components (1) analysis of long-term changes in water chemistry (pH, dissolved organic
carbon, Secchi depth, surface water temperature) and (2) the implementation of paleolimnological
techniques to analyze shifts in sediment diatom community composition and changes in sediment
geochemistry in the past ~180 years. Analysis of water chemistry from the monitoring period
indicates an increasing relationship between pH and surface water dissolved organic carbon (DOC)
concentrations in addition to shifts of diatom communities in the sediment core from communities
that are dominated by acid sensitive taxa (D. stelligera, L. affinis) to taxa that are acid tolerant
(Eunotia spp). Together, paleolimnological and modern data in our study indicates that Beaver
Pond is experiencing chemical and biological recovery from acid deposition, though diatom
communities in the recovery period differ in composition from pre-acidification

Introduction
Lakes are sensitive to environmental pressures and can rapidly integrate changes from their
surrounding watersheds and the atmosphere, thus making them sentinels of large scale change
(Carpenter et al. 2007; Williamson et al. 2008). Acid rain deposition has impacted aquatic
ecosystems across northern temperate ecoregions, resulting in shifts in trophic structure and
ecosystem function due to loss of acid-sensitive species (Likens et al. 1996; Driscoll et al. 2001b;
Arseneau et al. 2011). In Northeastern USA, there is limited evidence of biological recovery in
acid-impaired lakes, though their chemical recovery is well-documented (Keller et al. 1998;
Watmough and Eimers 2020; Tranvik 2021). Previous studies have found that lag time between
chemical and biological recovery in acidified waterbodies varies between different taxonomic
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groups and can range between 3 to 10 years (Driscoll et al. 2006; Frost et al. 2006b). Similarly, in
many high-altitude acid-impaired North American lakes, phytoplankton communities do not
rebound concurrently with chemical recovery. Evidence from northern temperate lakes in Ontario
suggests climate change processes such as surface water warming, altered mixing regimes, and
increased storm intensity and frequency will alter the trajectory of biological recovery in acidified
waterbodies (Tropea et al. 2009; Enache et al. 2011). The purpose of this study is to quantify the
trajectory of diatom community recovery from acidification in a remote acid-impaired lake. Here
we investigate whether these communities have returned to their pre-acidification states concurrent
with chemical recovery, or are on a new trajectory driven by anthropogenic and climate change
pressure.
Impacts of acid rain deposition led the U.S. government to implement the Clean Air Act
(CAA) in 1970. The primary goal of the CAA was to improve ambient air quality across the country
and establish air quality standards to regulate the amount of pollution from mobile and stationary
sources (U.S. EPA 1970). The Acid Rain Program (ARP) was later implemented in 1990, as an
amendment to the CAA. The goal of the ARP was to further reduce both nitrogen oxides and sulfur
dioxides, the primary noxious chemicals that result in acid rain. Since the implementation of the
ARP, emissions and atmospheric sulfur (S) deposition in the United States have been significantly
reduced, leading to chemical recovery of some aquatic systems (EPA 1990; Stoddard et al. 1999;
Driscoll et al. 2016). Based on evidence from previous research, we define recovery from
acidification as an increase of surface water pH concurrent with a decline in acidifying compounds
(Forsius et al. 2003).
Paleolimnological techniques and proxies using lake sediments provide information on the
status of past environments and the timing and severity of large-scale ecological change (Tropea et
al. 2009; Bennion and Simpson 2011). Fossil diatoms are a commonly used proxy of historical
acidification in lakes because they have well-documented optima and tolerances for temperature,
nutrients and pH along environmental gradients. This allows them to serve as a reliable archives of
past environments (Dixit et al. 1992b; Smol et al. 1998). Previous limnological studies that examine
the effects of acidification in North American lakes, and response from biological organisms
(diatoms, scaled chrysophytes) provide evidence that some biological recovery is occurring,
however recovery is not uniform across all systems (Majewski and Cumming 1999; Tropea et al.
2009; Arseneau et al. 2011). In the decades following the implementation of the CAA, there has
been a decline in acid tolerant species and an increase of acid sensitive species, suggesting initial
biological recovery from acidification (Arseneau et al. 2011).
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Beaver Pond, a geographically isolated lake located in Holland VT, USA is one of 12 lakes
in the Vermont Long-Term Monitoring (VLTM) program that is being monitored for chemical
recovery from acidification. It’s remote location and deliberate protection under the Shoreline
Protection Act makes Beaver Pond a natural baseline for waterbodies as they recover from
acidification and face climate change pressures. We investigated the chemical and biological
changes of Beaver Pond, land use change in the surrounding watershed, and changes in 1) longterm water chemistry, 2) sediment diatoms, and 3) sediment geochemistry (%C, %N, C:N) in a
210

Pb dated sediment core. The objective of this study is to assess impacts of acid deposition on

Beaver Pond in past decades as a model system for geographically isolated, acid impaired lakes,
and to determine the resilience of diatom communities to long-term environmental change.

Materials and methods
Study Site
Beaver Pond (Holland, Vermont) is a 16 ha pond with a 25.2 m max depth located in
Northeastern Vermont on the Quebec border (Fig. 1). This lake was selected for this study because
its primary inputs are atmospheric, it has a previously collected sediment core (used in our analysis)
and a comprehensive long-term (40-year) water chemistry dataset. The bedrock geology is
primarily schist and granite making it a poorly buffered watershed. The waterbody is a drainage
pond with a small inlet on the north side and drains through a beaver elevated outlet to a wellcanopied rocky stream. Beaver Pond is part of the Bill Sladyk Wildlife Management Area and has
been protected under the Shoreland Protection Act since the early 1980s. As mentioned above, due
to its geographically isolated location and no current development on the study site, nutrient inputs
are primarily atmospheric. The state of Vermont and the town of Holland were subject to
logging/deforestation in the early 1800s, with the first large logging episode occurring in 1850. To
accommodate a rapidly expanding agriculture industry in the state, most northern hardwood forests
and hardwood-softwood mixed forests in northeastern Vermont (Essex County and Northeast
Orleans County), including the Beaver Pond watershed, were logged during 1850-1890, which is
concurrent with railroad construction. In 1970, the Vermont Fish and Wildlife Department
purchased the timber rights and ceased logging activity in the Beaver Pond watershed. Private and
public regrowth restoration efforts in the state are in progress and Beaver Pond is currently
surrounded by late successional softwood forests (Sanford et al. 1997). Due to its remote location
and incorporation to the Vermont Department of Environmental Conservation (VT DEC) Lake
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Protection Classification System, Beaver Pond is a long-term monitoring site used to evaluate how
acid rain and climate change are affecting Vermont lakes (Alexander et al. 2019).

Long-Term Monitoring Data
The VT DEC has monitored 12 acid-impaired lakes in the state since 1983. They maintain
a database of annual water chemistry data (pH, dissolved organic carbon, temperature, Gran
alkalinity, dissolved oxygen, conductivity, total phosphorus, total nitrogen), speciated aluminum,
and earth metals. Samples are collected three times per year in the spring, summer and fall and are
accessible

in

Vermont’s

Integrated

Watershed

Information

System

(IWIS,

https://anrweb.vt.gov/DEC/IWIS/). Long-term data used for this project to evaluate pH and
dissolved organic carbon (DOC) trends of Beaver Pond were obtained from the IWIS database.
Summer monthly averages of regional precipitation trends were obtained from the National
Oceanic and Atmospheric Administration’s Newport, Vermont (due west from Beaver Pond)
station from 1980 to 2019. Annual precipitation data that recorded number of days with greater
than 2.5, 5 and 10 centimeters of rainfall were obtained through the Vermont Climate Data Grapher
which is supported by the Northeast Regional Climate Center.

Field methods
Field methodology and sample collection are conducted in accordance with protocols from
Data User’s Guide to the United States Environmental Protection Agency’s (EPA) Long-term
Monitoring Project. When the lake was thermally stratified, samples for chemical analysis were
collected at the same location in the epilimnion approximately 0.5 m below the surface and 2 m
from the lake bottom in the hypolimnion using a Kemmerer sampler. When the lake was not
stratified and the temperature difference between the top and bottom of the water column was < 4
°C, samples were collected from 0.5 m below the water surface. Samples were stored in 1L Nalgene
bottles and placed on ice in a cooler for transport. Conductivity and temperature were recorded at
every meter using a Hanna HI 9033 probe, and Secchi depth (m) was recorded using a viewscope
at each sampling event.
Two sediment cores were collected in 2014 and 2018. Core 1 (C1) was 42 cm long and
sectioned at 2 cm intervals. It was collected in 2014 by the VT DEC as a part of the EPA’s National
Rivers and Streams Assessment from the deepest (25.2m) point using a Maxi-Glew gravity corer.
Core 2 (C2) was collected in September of 2018 from the same location in Beaver Pond using a
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Uwitec gravity corer. This 41 cm long core was extruded at the University of Vermont Limnology
Laboratory at 1 cm intervals. Subsamples of C2 were freeze-dried and pulverized in preparation
for elemental analysis and

210

Pb dating. All samples were stored in labelled Whirl-Pak bags or

Falcon tubes at 4 C.

Diatom Treatment and Enumeration
C1 was used for identification and analysis of diatom samples. The top 2 cm of C2 were
processed and used for diatom identification to obtain data from the most recent sediment layers.
Sediment was processed following methods from Patrick and Reimer (Patrick and Reimer 1966).
Due to the moderate levels of organic matter in the sediment, 20-25 mL of concentrated nitric acid
were added to each sample and boiled for an hour until organic material was oxidized. Beakers
containing oxidized samples were then filled with distilled water and left to settle for 4-6 hours.
Supernatant liquid was decanted and the rinse process was repeated until all by-products were
removed per visual inspection, totaling 6-8 rinses.
Processed diatom samples were transferred to coverslips and permanently mounted on
glass microscope slides using Naphrax. A minimum of 300 diatoms valves were counted per slide
and identified using a Leica DM2000 microscope with oil immersion at 1000x magnification.
Diatom taxonomy was based on Camburn and Charles (Camburn and Charles 2000), Diatoms of
North America(2019), Patrick and Reimer (Patrick and Reimer 1966), and Grunow (Grunow
1862).

Elemental analysis
Carbon to nitrogen ratios (C:N) offer insight to the proportion and historical sources of
organic matter (terrestrial and algal-based) in lake sediments. Core 2 samples were analyzed at 1
cm resolution for percent organic carbon (%C) and percent total nitrogen (%N) at the University
of Vermont Stable Isotope Laboratory. Five to 15 mg of finely milled sediment were weighed using
a microbalance. Total C and N were measured by combustion using a CE Instruments NC 2500
Elemental Analyzer (EA) using Eager 200 data handling software. The instrument was calibrated
using a low organic sediment standard OAS B-2152 (1.65%±0.02 C, 0.14% ±0.01 N) and a high
organic sediment standard OAS B-2150 (6.72% ±0.17C, 0.50% ±0.01 N). The carbon-to-nitrogen
ratio (C:N) was calculated by dividing the %C by %N values for each interval.
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210Pb

dating
Twenty samples from C2 were freeze dried and

210

Pb activity was measured by alpha

spectrometry through the measurement of its daughter product

210

Po (Eakins and Morrison 1978)

at the Science Museum of Minnesota’s St. Croix Watershed Research Station. Lead-210 activity
was used to determine the age and sediment accumulation rates in Beaver Pond from present day
to roughly 180 years ago. Lead-210 dates were determined according to the constant rate of supply
(CRS) model (Appleby and Oldfield 1978; Appleby 2002; Kamman and Engstrom 2002; Kamman
and Scientist 2003) and sediment accumulation rates (g cm-2 yr-1) were calculated as the product of
the linear sedimentation rate (cm yr-1) and the dry bulk density of each section (g cm-3).

Evaluating long-term water chemistry trends
Replicate measurements of DOC, pH, temperature and Secchi depth were averaged
separately for samples collected from the epilimnion and hypolimnion prior to analysis. Linear
regression was used to evaluate long-term temporal trends in DOC, pH and alkalinity data obtained
from summer sampling events from the beginning of the monitoring program (1985) to 2019, and
to test the relationship between long-term variability in pH and DOC concentration (R Core Team
2018; Oksanen, J., Guillaume, F., Friednly, M., Roeland, K., Legendre 2019). Breakpoint analyses
for pH and DOC were identified and segmented regression analyses were conducted. The location
of breakpoints aligns with the occurrence of non-linear changes observed in water chemistry
measurements throughout the duration of the monitoring period. Ninety-five percent confidence
intervals were calculated and associated with breakpoint dates in the analysis (Bai and Perron
2003). Breakpoint analyses were conducted using the ‘strucchange’ package in R (Zeileis et al.
2002). Linear regression was used to evaluate long-term trends of annual precipitation (cm) from
the beginning of the monitoring program to assess temporal variation. Model assumptions and
normality were validated by confirming homogeneity of variance in a residual versus independent
variable plot.

Sediment diatom community composition analysis
The diatom record was organized so species having a maximum relative abundance of 1%
or below were removed. Principal component analysis (PCA) was used to visualize the dominant
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patterns of diatom assemblages over time and assess species variability. Prior to conducting the
PCA, a Hellinger transformation was applied on diatom counts to down weight low and zero
abundances (Legendre and Gallagher 2001). Transformed diatom species data were counted to 38
cm within the core (~1833), which is the earliest 210Pb dated section. A stratigraphically constrained
cluster analysis (CONISS) was performed to divide the core into zones that identify similar diatom
community assemblages (Tropea et al. 2009). This analysis is constrained by time and defines
temporal zones within the core defined by the diatom community assemblage. This statistical
framework was implemented in order to identify periods of significant ecological change. All
statistical analyses were conducted using R software (R Core Team 2018), the rioja package
(Juggins 2019) and the vegan package (Oksanen, J., Guillaume, F., Friednly, M., Roeland, K.,
Legendre 2019).

Results
Long-term trends in lake chemistry
From 1983 to 2019, epilimnion pH values ranged between 6.3-7.0 and summer average of
6.6 (± 0.19: Fig. 2a). Hypolimnion pH ranges from 5.7-6.7 with a summer average of 6.1 (± 0.2;
Fig. 2b). We used a nonlinear approach to identify breakpoints in otherwise linear trends to
quantify changes in acid impaired surface water during different time periods. Analysis revealed
significant breakpoints in epilimnion pH in 2000 and 2009 (n=30, 95% CI: 1997-2006 and 95%
CI: 2006-2014, respectively), and a directionally positive trend following the breakpoint in the year
2000 (Fig. 2a). Hypolimnion pH recorded a breakpoint in 1999 (n=26, 95% CI: 1997-2006) and
continued to shift to higher values over time (Fig. 2b). A breakpoint was detected in epilimnion
DOC data in 2001 (n=25, 95% CI: 1994-2006) and mean epilimnion DOC increased significantly
from 5.5 mg/L pre-breakpoint to 6.3 mg/L post the 2001 breakpoint and continued to be
directionally positive (Fig. 2. c,d). We did not identify a significant temporal long-term trend in
dissolved organic carbon concentration in the hypolimnion. Gran alkalinity has significantly
increased in surface water (p < 0.05, R2 = 0.44 ) since the beginning of the monitoring period in
Beaver Pond (Fig. 4). However, the slope of this relationship changed post 2001 pH (p < 0.05, R2
= 0.5, n = 81), indicating a faster rate of change over the past twenty years. We did not discover a
statistically significant relationship between epilimnion or hypolimnion pH and DOC, however the
analysis did reveal trends that are directionally positive (Appendix A, Fig. 9). Secchi depth has
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declined over time (p < 0.05, R2 = 0.06, n = 90) indicating a decrease in water clarity since the
beginning of monitoring period (Fig. 3).
Nutrient data for Beaver pond has been collected sporadically. Total phosphorus (TP)
measurements began in 2007 and have a slight non-significant positive increase over time,
generally fluctuating between 8 to 10 g L-1 in both the epilimnion and hypolimnion. Total nitrogen
(TN) has not been collected, but nitrate (NO3-) concentrations have been generally low or below
detection (0.02 to 0.1 mg L-1) from 1986 to the present. Sulfate (SO42-) concentrations have
decreased significantly over the monitoring period (p<0.01, R2 = 0.91, n=25), reflecting decreased
atmospheric SO42- deposition following implementation of the CAA.
We found no significant change in epilimnion or hypolimnion surface water temperatures
over the monitoring period, nor was there a detectable breakpoint (Fig. 2e,f). Total annual
precipitation has increased significantly between 1980 and 2016 (Appendix A, Fig. 10). We further
analyzed precipitation trends on a year-to-year basis to identify the number of days where rainfall
was greater than 2.5, 5 and 10 cm in a single day. There were no significant trends when the number
of days where rainfall was over a certain measurement threshold was significant.

Elemental analysis
Sediment carbon and nitrogen records (Fig. 5) were divided into three zones to visualize
trends in %C, %N, and C:N within the sediment core. Percent C and N declined across zone one
(~1840 – 1910) and were relatively stable in zone two (~1911 – 1990). C:N trends reveal consistent
up-core declines across zones one and two. There were slight increases in %C and %N in zone
three (1991-2017), and C:N values in zone three were stable.

Dating and sedimentation
The CRS model was calculated based on 18 sections with detectable supported (excess)
210

Pb and two samples with unsupported (background) 210Pb.

210

Pb dating records indicate the time

range of the core covers years ~1840-2017. Sediment accumulation rates since 1836 have been
<200 g m-2 y-1 with the exception of increased sedimentation around 1895, 1980, and between 2009
to the present (240, 210, and 212-255 g m-2 y-1, respectively). There was an isolated increase in
sediment accumulation at around 1900 followed by a decline to roughly 1950 (Fig. 6). The
estimated standard deviation for

210

Pb dates was consistent throughout the top 20 cm of the

sediment core (1940-present) and increased with depth due to lower supported 210Pb activity (Table
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2, Appendix A). Supported 210Pb was estimated to be 1.0162 (±0.0198) pCig-1 and the cumulative
amount of unsupported 210Pb was 18.0063 pCi cm-2 with an unsupported 210Pb flux of 0.58 pCi cm2

yr-1.

Shifts in diatom community assemblages
Sediment diatoms were identified to species level. A constrained cluster analysis
(CONISS) separated historical diatom community data into three distinct zones where changes in
community composition occurred. Zones used to visualize trends in %C, %N and C:N matched
those obtained from the CONISS analysis: (1) 1840-1910; (2) 1911-1990, (3) 1991-2017. Diatom
community composition shifts correspond to historical periods of deforestation (watershed
disturbance), pre-, during and post-acidification in the Northeast U.S. (Fig. 7). The first two axes
(PC 1 and PC 2) of the PCA analysis account for approximately 42% of the variation in the longterm (1850-2017) diatom assemblages of Beaver Pond (Table 4, Appendix A). Furthermore, PC1
scores are mostly unidirectional through time.
Shifts of in-lake sediment diatom communities from Beaver Pond indicate evidence of
acidification and recovery. Analysis of sediment-diatom communities reveal acid-sensitive taxa
(1990-present) that are known indicators of recovery from acidification, including Lindavia affinis,
Aulacoseira distans and Staurosira construens. When plotted against time using a CONISS
dendrogram, the top 20 most dominant diatom species have distinct assemblages that contain
similar biological preferences in three different zones of the sediment core. Prior to acidification
(~1950), acid sensitive species such as Discostella stelligera and L. affinis were abundant and
declined during acidification (1950-1990).
There are species shifts in the top of the sediment core (zone one) which dates roughly to
1991. Zone two (~1911-1990) coincides with peak acidification (1960-early 1970s) and
immediately after in the Northeastern US, which includes the establishment of the Clean Air Act
of 1970 (Driscoll et al. 1995). Lindavia affinis and S. construens, both indicators of biological
recovery from acid rain deposition, have increased in relative abundance since approximately 1990
(Arseneau et al. 2011). Several acidophilic Eunotia spp. have decreased in between 1990 and 2000.
Zone 2 is the highest period of acid rain deposition in the northeast. During this time, increases in
abundance of Kobayasiella micropunctata, Aulacoseira tenella, and Frustrulia rhomboides, all
acid-tolerant species, were observed (Sivarajah et al. 2017). Discotella stelligera and Brachysira
brebissonii, both sensitive to low pH, decreased during and immediately following acidification.
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Discussion and conclusions
Our results support evidence of both chemical and biological recovery from acidification
in Beaver Pond, VT. Long-term water chemistry data indicate alkalinity has increased linearly since
the beginning of the monitoring period (1980), and that pH began to increase following 2000,
approximately 10 years following US EPA Acid Rain Program amendment to the Clean Air Act,
indicating buffering capacity has improved in this system. Increases in epilimnetic DOC are
evident following a 2001 breakpoint and begin to stabilize ~2012, possibly suggesting a
stabilization of soil carbon leaching from the watershed. Secchi depth has significantly decreased
since 1980, indicating a long-term decrease in water clarity. We observed increased amounts of
total rainfall during the long-term monitoring program and found evidence of increased intense
storm events in this region. Water temperatures in the epilimnion and hypolimnion remained stable.
Fluctuations in lake sediment C, N, and sedimentation rates between 1840 to the present primarily
reflect timing of deforestation and railroad construction in the watershed. The sediment diatom
record reflects clear shifts in community composition pre-, during, and post-acidification, from
acid-sensitive to acid tolerant species, though community composition of these functional groups
differed before and after the acidification period. The remote location, deliberate protection of
biological species and long-term data records of Beaver Pond provide a model system for
ecological research to investigate the interacting effects of climate change and acid recovery in
terms of both water chemistry and biology. In this system, however, our results indicate that
acidification and recovery have been the primary drivers of diatom community composition over
the study period.
Dissolved organic carbon concentration has ranged between 4.8-7.3 (mg/L) across the 40year monitoring period, with a median value of 5.9 mg/L, just above the global DOC median for
all freshwater lakes, mg/L (Williamson et al. 2016). Previous studies in this region found a positive
relationship between pH and DOC in lakes recovering from acidification (Monteith et al. 2007;
Erlandsson et al. 2010). Similar to past studies, we observed a positive trend in the relationship
between surface water pH and DOC in addition to hypolimnetic pH and DOC.
Changes in diatom community composition in relation to DOC likely occur in the top zone
(zone three) of the core (1985-present). One limitation in our study is that DOC was not recorded
consistently until 1993, so our record may not capture browning trends occurring as other lakes in
this geographic region that were recorded before, during and immediately after acidification (Strock
et al. 2014; Williamson et al. 2016). Therefore, increases of taxa in the top sections of the sediment
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core may suggest changes of water clarity in recent years driven by increased sediment
accumulation rates beginning in the early 2000s and declines in Secchi depth transparency.
We found a significant long-term decline in water clarity (Secchi depth) indicating a
decreasing photic zone depth in Beaver Pond. Decreased transparency can be attributable to
changes in dissolved organic matter, phytoplankton biomass, or turbidity from other sources
(Nürnberg and Shaw 1999; Eimers et al. 2005; Galvez-Cloutier and Sanchez 2007; Strock et al.
2017). We found no relationship between DOC and Secchi depth, so, it is likely that increased algal
biomass or sediment transport from the watershed are driving these patterns. In recent decades, C:N
ratios in Beaver Pond have declined which may indicate an increase in productivity from in-lake
algal production (Kamman and Scientist 2003).
Over the past 20 years precipitation events have increased in the frequency and intensity
(>1 in a 24 hour period) in Northeastern, U.S., with most storms occurring in the late spring and
early summer(Spierre et al. 2010). At Beaver Pond, however, we did not find a statistically
significant increase in the number of days with extreme rain events (Appendix A, Fig. 11), though
the overall amount of precipitation at the closest weather station has increased significantly
(Appendix A, Fig. 2). The transport of organic material from terrestrial environments can hinder
algal growth via light limitation or facilitate growth through nutrient export (Solomon et al. 2007;
Strock et al. 2017). Though many other oligotrophic lakes in Vermont are experiencing long-term
increases in phosphorus, macronutrient concentrations in Beaver Pond have remained stable and
low over the monitoring period, with a slight non-significant positive increase in TP. For this
reason, it is likely that the return to circumneutral pH, increasing alkalinity and stabilization of
DOC concentrations post-2012 have facilitated increases in phytoplankton growth contributing to
a decrease in water clarity.

Shifts in diatom community composition
We identified 79 total species and assessed tolerance ranges of the top 20 most abundant.
Overall, the genera Discostella, Eunotia, Aulacoseira, Tabellaria and Frustrulia (Fig. 8) were
dominant in sediment core assemblages and fluctuated over time. The largest shift in diatom
community composition occurred between 1950 and 1988, with increases in acid tolerant species
followed by a return to taxa that were present prior to acid rain deposition and several acid-sensitive
species that were not present prior to acidification.
Discostella stelligera, a cyclotelloid taxa with a low tolerance for acidic conditions
(Battarbee 1999; Sivarajah et al. 2017) was present in Beaver Pond in 1950 but declined through
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the early 20th century. The peak and following decline of D. stelligera corresponds with an increase
in Aulacoseira spp. in approximately 1940 (Fig. 7). Previous research informs us that declines D.
stelligera have been used as an indicator of climate change, increase of thermocline depths with
earlier ice-out and warmer water temperatures (Saros et al. 2016). The percent relative abundance
of both D. stelligera and Aulacoseira spp, remained relative stable at roughly 30 and 15%
respectively. Between 1950 -1970 which captures the peak of acid rain deposition, there was an
increase in relative abundance of acidophilic taxa (Dixit et al. 1992a) Frustrulia rhomboides,
several Eunotia spp., Aulacoseira tenella, and Kobayasiella spp. Declines in acidophilic Eunotia
taxa were concurrent with a return of D. stelligera and L. affinis which prefer a circumneutral pH.
However, despite slight increases of lake water pH since the beginning of the monitoring program,
PC 1 scores remain unidirectional through time meaning the diatom community is not on a
trajectory to return to pre-acidification community structure.
Consistent with our findings in Beaver Pond, previous work in Adirondack mountain lakes
found that declines in the relative abundance of D. stelligera and T. flocculosa co-occurred with
increases in Fragilaria exiguia during the period of acidification (Charles et al. 1990). In Beaver
Pond the presence of D. stelligera and T. flocculosa is consistent pre-acidification ( > 10% relative
abundance) and increase in relative abundance until roughly the establishment of the CAA when
acid deposition was at its peak in the region between (1870-1940). In the decades following, the
aforementioned taxa decline in relative abundance. To further support that biological recovery from
acidification is occurring, the species Brachysira brebissonii was present pre- and postacidification but declined during peak acid rain deposition (zones one and three). B. brebissonii is
a diatom species that is widely distributed and commonly found in oligotrophic to mesotrophic
acidic waterbodies (Sivarajah et al. 2017).
Primarily benthic species have increased in Beaver Pond since 1990 (T. flocculosa, F.
rhomboides, and Cymbella borealis, with the exception of planktonic species L. affinis and
Aulacoseira spp. Although DOC increased in Beaver Pond until 2012, concentrations range
between 5-7 mg L-1, falling below the range expected for a dystrophic lake experiencing browning.
Despite this, the increase in benthic species is inconsistent with long term water clarity data and
may reflect changes in precipitation and sedimentation influencing benthic habitat structure(KarstRiddoch et al. 2005). Aulacoseira tenella is well represented in oligo-mesotrophic waterbodies and
was abundant in decades following acidification in Beaver Pond, the pH tolerance for this genera
is slightly acidic to circum-neutral and are most prolific in temperatures ~21°C (Bicudo et al. 2016).
We found an increase in the abundance of Frustulia rhomboides since roughly 1960 which
is consistent with Arseneau et al. (2011), who found that F. rhomboides was correlated with DOC
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increase in an Adirondack NY lake also recovering from acidification (Arseneau et al. 2011). In
addition to increases of F. rhomboides, B. brebissonii thrives in low-light environments. Previous
studies in Norwegian lakes found increases in the relative abundance of both F. rhomboides and B.
brebissonii with reductions in water clarity and increases in DOC (Davis et al. 1985; Anderson et
al. 1986; Charles and Whitehead 1989). We found similar trends in Beaver Pond as both species
increased in relative abundance following acidification and in recent years corresponding to
decreased Secchi depth.

Sediment geochemistry
Sediment accumulation rates
Extensive logging occurred in the Beaver Pond watershed during 1850-1890 in addition to
the construction of railroads and sawmills. This activity is evident in the sediment accumulation
record and most likely contributed to the peak values shown in the 1900s (Fig. 6). The spike in
sedimentation accumulation in ~1895 corresponds to early deforestation and the construction of
railroads. Following the end of timber harvesting in 1895, no logging occurred in the watershed
again until 1962 and sediment accumulation rates stabilized. The second increase in sedimentation
spanned from ~1970-1980, a timeframe immediately following the second and final timber harvest
in the Beaver Pond watershed. Finally, there is a third increase in sediment accumulation rates in
the mid-2000, which may correspond to Hurricane Irene (2011) and increases in the frequency of
precipitation events over the past two decades.

Geochemistry
Carbon to nitrogen ratios in lake sediments are indicators of land use change and in-lake
production that indicate relative proportions of terrestrial and algal carbon deposition(Kaushal and
Binford 1999). Algal material deposited in lake sediments tends to lower C:N ratios to between 6
and 10, whereas terrestrial inputs result in higher values, generally greater than 14 (Meyers 1994;
Kaushal and Binford 1999). In Beaver Pond, C:N ratios were variable but show a distinct up-core
decline with ratios consistently between 13-15, indicating primarily land-derived inputs (Fig. 5).
Between 1867-1896, the Beaver Pond watershed was extensively logged and at least three
sawmills were constructed in the vicinity (Scharoun and Cowie 2009). The highest C:N ratio (15.214.9) occurred between the years of 1840 and 1930. C:N values occurring around ~1930 are likely
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a response to deforestation and logging that occurred in the region from approximately 1850-1885.
The continued decline following 1930 can be explained by the increased proportion of terrestrialderived inorganic matter to Beaver Pond and the surrounding watershed due to increased erosion
from the loss of a naturally forested buffer zone. The second and final timber harvest (~1960-1985)
coincides with a further decreases in sediment C:N to between 13.5 and 14. Because the data do
not indicate extreme declines in sediment C:N at any point, it does not appear that lake sediments
were receiving high proportions or algal organic matter and instead trends are driven by exogenous
terrestrial organic matter inputs.
The variation of %C in the sediment core is better understood when analyzed concurrently
with C:N trends. Trends of %C are variable and up-core patterns reveal a decrease, stabilization
and subsequent increase in %C within the three zones of the sediment core. Percent N follows a
similar pattern to %C. Due to the remote location of Beaver Pond and up-core trends, we assume
%N was mainly influenced by atmospheric pressures (changes in amounts of N deposition
throughout the study period). Shifts in %C are likely influenced by acid deposition, logging and
subsequent regrowth that occurred in this area. Both atmospheric and in-lake processes can
contribute to the amount of dissolved and particulate organic carbon present in lake sediments.
Zone one of the sediment core shows general negative trends in both %C and C:N within
Beaver Pond—this occurs during and immediately following extensive timber harvest in the region
which may have increased the flux of carbon poor sediment from the watershed into the waterbody.
The highest sediment accumulation rate was recorded immediately following the first timber
harvest and construction in the watershed—the influence of these events are evident in the mass
accumulation rates (Fig. 6). Zone two shows stabilization of %C in the sediment and a continued,
although very modest, decline in C:N—this time period aligns with peak acid rain and the final
timber harvest in the Beaver Pond watershed. These results suggest that the stabilization of %C is
due to a reduction of organic material coming into the lake due to its remote location and this being
a period of forest regrowth. Zone three highlights the years of 1985-2017 which follows the
establishment of the CAA and conclusion of both acid rain and extensive timber harvesting in the
region. There is a continued decline in C:N and concurrent increase in %C, which may suggest an
increase of in-lake algal productivity beginning around 1970. The up-core trend C:N follows may
be a result of dilution of organic carbon within the lake caused by deforestation within the
watershed.
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Conclusions

Together, both paleolimnological and modern data in our study indicates that Beaver Pond
is experiencing chemical and biological recovery from acid deposition, though diatom communities
in the recovery period differ in composition from pre-acidification. In particular, we found an
increase in benthic taxa, which were not present prior to acidification, indicating alterations in
habitat structure or ecosystem processes. It is important to note that the rate of chemical and
biological change has shifted several times over the monitoring period and paleo record. We
identified multiple shifts in sedimentation rates and sediment %C, corresponding to historical
watershed disturbance. In the modern 40-year monitoring record, alkalinity has increased
approximately linearly since 1980, but pH did not begin to increase significantly until 2003,
indicating improving buffering capacity and stabilization of ecosystem function. This is reflected
in the diatom fossil record, where acid-sensitive taxa began to re-emerge and acidophilic species
decreased following passage of the CAA.
Our work highlights the importance of long-term data collection for understanding
ecological change in response to anthropogenic disturbance. Due to data gaps such as lack of
chlorophyll a and comprehensive macronutrient measurements, several questions remain
unanswered regarding long-term changes in trophic state, primary production, and primary
producer biodiversity in our study system. While we can conclude with certainty that Beaver Pond
is recovering from acidification, continued biological monitoring will better elucidate the biological
response to these trends. Moving forward, these data will be critical for establishing baseline and
threshold responses to ecological change in acid-impaired lakes.
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Figures
.

Figure 1. Map of Vermont, USA with Beaver Pond Identified by a black star
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Figure 2. Summary of long-term nonlinear trends in summer water chemistry from Beaver Pond. Vertical blue lines indicate breakpoint year,
dark gray bars across data identify the average before and after breakpoints. Horizontal red bars show significant breakpoints with 95%
confidence intervals. Plots with D-F did not have an identifiable breakpoint. (A) epilimnion pH, (B) hypolimnion pH ,
(C) epilimnion DOC (mg/L), (D) hypolimnion DOC (mg/L), (E) surface water temperature, (F) hypolimnion temperature.
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Figure 3. Secchi depth measurements (m) over the long-term monitoring period
showing a statistically significant negative trend in water transparency.

Figure 4. Alkalinity (measured as Gran Alkalinity) to assess buffering capacity in
Beaver Pond from the beginning of the monitoring period to present.
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Figure 5. %C, %N, and C:N records for Beaver Pond (Holland, Vermont). Highlighted areas are designated zones that
identify trends within the sediment core. Zone one (bottom of core) spans from 1840-1910, zone two is the middle
section (1911-1990) and zone three is the upper most section of the core (1991-2017).
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Figure 6. Stratigraphic plots of 210Pb dating model, unsupported 210Pb activity, and the sediment
accumulation rate. Error bars represent the standard error in mass accumulation rates and 210Pb estimated
dates.

Figure 7. Relative abundance of top 20 most dominant diatom taxa in Beaver Pond throughout time.
Corresponding PCA scores and 210Pb dates are plotted. The plot is divided into four separate zones which contain
similar species of diatoms as determined by CONISS. The blue dotted line indicates the establishment of the Clean
Air Act of 1970.
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E.

Figure 8. Dominant taxa present in Beaver Pond representing
acid sensitive (a,b,e) and acid tolerant (c,d) diatom species.
A. Discostella stelligera, B. Lindavia affinis,
C. Tabellaria flocculosa, D. Eunotia monodon, E. Frustulia Rhomboides
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Appendix A
Figure 9. The relationship between pH and DOC during the monitoring period. Epilimnion and hypolimnion trends are
not statistically significant, however they do show positively increasing trends.

22
Figure 10. Annual precipitation data (measured in cm) during the monitoring period recorded
in Newport, Vermont.
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Figure 11. Number of days that recorded greater than 2.5, 5, 10cm of rainfall during the monitoring period in Newport,
Vermont
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Table 1. Sedimentation rates from Beaver Pond 210Pb dating model.
Broken out into stratigraphic zones in 50-year increments.

Sediment
Accumulation

Accumulation

Standard Error

Date

Rate (g/m2/ y)

(±)

2000-2018

215*

9

1950-2000

183

9

1900-1950

127

10.5

1834-1900

154

33

22

Sediment

Table 2. Sedimentation rates from Beaver Pond 210Pb dating model. Note “*” indicates a rapid increase in
sedimentation rate which coincides with logging and deforestation of the Beaver Pond Watershed. Increases in
sediment accumulation in the early 200s may be attributed to watershed disturbance as a result of Tropical Storm Irene
which made landfall in Vermont in August 2011

Date
2017.8
2009.0
2002.7
1995.8
1988.3
1980.5
1973.6
1965.7
1955.3
1943.1
1929.6
1916.3
1905.2
1895.8
1886.9
1874.8
1858.6
1836.1

Sediment
Accumulation
Rate (g/cm2 y)
0.0255*
0.0212*
0.0179
0.0195
0.0155
0.0210*
0.0212
0.0182
0.0145
0.0120
0.0122
0.0124
0.0142
0.0240*
0.0135
0.0140
0.0152
0.0103

29

Table 3. Supported and unsupported 210Pb Fluxes in Beaver Pond, Holland, Vermont.

Supported
210Pb, pCig-

N supported
Samples

1

Beaver Pond

1.0165 +/0.0198

2

Cumulative
unsupported
210
Pb, (pCi cm2
)
18.0063

Table 4. Percent variation explained by each PC component for diatom species data.
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Component
1
2
3
4
5
6

Percent Variation
26.4
13.3
11.2
10.3
8.4
6.1
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Unsupported
210
Pb flux,
(pCi cm-2 yr 1
)
0.58

CHAPTER 3: SEASONAL PATTERNS OF PHYTOPLANKTON BIODIVERSITY
IN MONTANE LAKES RECOVERING FROM ACITIFICATION
Abstract
Regulations of air quality in the United States in the late 1990s have resulted in reduced
industrial emissions and acid rain deposition. Acidification can alter the chemistry and biology of
aquatic systems, particularly in high-altitude lakes with low buffering capacity. This study explored
long-term changes of surface water pH using long-term monitoring data and found that as pH
increased, so have concentrations of dissolved organic carbon (DOC) in a suite of acid impaired
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lakes in Vermont, USA. We assessed phytoplankton community composition during the two-year
study period, and though it varied seasonally, dominant taxa were chrysophytes, chlorophytes and
diatoms. Facultative mixotrophic phytoplankton taxa (chrysophytes, cryptophytes, synurophytes)
were abundant in dystrophic lakes, and filamentous green algae (Spirogyra sp.) dominated our
shallowest study system, Big Mud Pond. We observed ambient concentrations of cyanobacteria at
all study sites but did not observe bloom events during the study period. We anticipate this study
be a starting point for future research surrounding biological recovery and the potential emergence
of bloom forming cyanobacteria in acid impaired systems.

Introduction

Anthropogenic acidification has impacted lakes and streams across Europe and North
America, altering water chemistry and the composition of phytoplankton communities (Gray and
Arnott 2009; Findlay and Kasian 2011). Lake surface waters in the Northeastern United States are
recovering from acidification that occurred prior to 1970, but are also experiencing effects of
climate change, including surface water warming, alteration of stratification patterns, and altered
hydrology due to changing local weather patterns (Likens et al. 1979; Stoddard et al. 1999; Driscoll
et al. 2006; Hansen et al. 2006). Atmospheric sulfur and nitrogen oxide concentrations have
decreased in the Northeast U.S. in the years following the Clean Air Act (CAA) and Title IV
amendments to the CAA, which regulate emissions that cause acid deposition (U.S. EPA 1970).
Widespread declines in emissions have reduced acid rain deposition to lakes, but it remains unclear
how these systems recovering from decades of pollution will respond to new climate change
pressures.
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Several geographically isolated Vermont lakes were impacted by acid rain deposition
between the late 1950s and late 1970s. These lakes were highly susceptible to acidification due to
their poorly buffered systems and bedrock geology which is comprised of granite and schist
(Kamman and Engstrom 2002). Research in the surrounding regions and data from long-term
monitoring have recorded increases in pH in lakes and in some cases, concurrent increases in
dissolved organic carbon (DOC) concentrations (Evans et al. 2007). Decreased sulfate deposition,
increases in soil temperature, and more frequent rain events have collectively resulted in increased
mobilization and export of DOC and nutrients from watersheds to downstream systems, resulting
in the brownification of several lakes identified as acid-impaired in Vermont (Likens et al. 1996;
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Evans et al. 2006). Though water chemistry trends show long-term pH increase, the recovery and
changing composition of phytoplankton communities in these lakes remains understudied.
Acid rain deposition alters the chemical properties of aquatic systems making them less
productive than non-acidified systems thus directly influencing the biological composition of
organisms living there (Driscoll et al. 2001a; Barcytė and Nedbalová 2017). Biological recovery
from acidification tends to occur more slowly than chemical recovery and is not as well understood
due to mechanisms (nutrient availability, chemical status) influencing changes in phytoplankton
community composition (Gunn and Sandøy 2003; Frost et al. 2006a). Coupled with recovery from
acidification are increased climate change pressures on aquatic systems, resulting in shifting
ecology. Due to climate change, lakes are subject to increased surface water temperatures, longer
periods of thermal stratification and altered nutrient loading (via precipitation and subsequent
runoff) (Tropea et al. 2009; Carey et al. 2012; Freeman et al. 2020). Global change is impacting
the ecology of oligotrophic systems to the extent they have the capacity to successfully support
bloom-forming cyanobacteria (Freeman et al. 2020). Cyanobacteria are a dynamic group of
organisms with a range of environmental optima and competition strategies (Paerl and Otten 2013;
Zhao et al. 2019). With shifting environments there have been documented occurrences of
increased frequencies of cyanobacteria blooms in nutrient-poor lakes (Pick 2016; Creed et al.
2018). Acid impaired lakes in Vermont are concurrently recovering from acidification and
experiencing climate change. This project aims to assess their susceptibility to cyanobacteria
blooms.
Previous work assessing phytoplankton communities in Vermont’s acid-impaired lakes is
limited. Long-term monitoring data collected by the Vermont Department of Environmental
Conservation (VT DEC) includes extensive water chemistry but not biology. Surveys of sixteen
Vermont lakes were conducted in 1983 and 1984 to assess fisheries status (Langdon 1983, 1984),
two of which are included in this study (Bourn, Big Mud). These studies reported that
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phytoplankton and zooplankton were more resistant to acidity in lakes with higher concentrations
of dissolved organic carbon (DOC) than clear, lower DOC lakes.
Previous studies by Langdon and the state of Vermont provide a foundation for
investigating the effect acid rain deposition has on food-web dynamics in aquatic systems, and
highlight the need for a study focusing on present day phytoplankton community composition. Not
only are phytoplankton an essential source of energy and nutrients for higher trophic levels, but
are important mediators of lake metabolism and primary production (Peltomaa et al. 2017). This
study aims to assess changes in long-term water pH and DOC concentrations and characterize
differences in current phytoplankton community composition between browning and clear acid-
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impaired lakes. We predicted that darker, more light limited lakes would have higher concentrations
of cyanobacteria due to different lifestyle adaptations allowing mobility in the water column.
Second, we aim to characterize the current relative abundance of potentially bloom-forming
cyanobacteria in order to assess the sensitivity of lakes recovering from acidification to future
harmful blooms.
Given their unique characteristics, the ponds in this study are model systems for
quantifying shifts in phytoplankton community composition in response to global changes. By
analyzing current phytoplankton communities in the study lakes and comparing them to other acid
impaired systems in the same geographic region, we are hopeful these data will shed light on how
aquatic waterbodies are responding to and recovering from acidification as they face new pressure
from climate change processes.

Methods
Study Sites
Four study sites were selected along an orthogonal gradient of dissolved organic carbon
concentration (DOC) and pH (Fig. 12) and have been a focus of a long-term study monitoring
acid impaired systems in Vermont, USA (Table 5). Bedrock surrounding the study sites is
predominately granite and schist which make them poorly buffered and suspectable to acidification.
All four lakes are isolated and located in watersheds that are heavily forested with no developed
land immediately surrounding them. Nitrate and sulfate have declined at all sites since 1980-1990
due to reductions in acid rain deposition. Due to their isolated location, the study sites are not
influenced by agriculture or urbanization, but have a history of logging in the early 1800s, with the
largest logging event occurring in 1850. Large scale timber harvests ceased in the mid-1900s.
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Field methods
Field sampling in 2018 and 2019 was conducted in collaboration with the VT DEC Acid
Lake Monitoring Program. Vermont has monitored 12 acid-impaired lakes in the state since 1983.
They maintain a database of annual water chemistry data (pH, DOC, temperature, dissolved
oxygen, conductivity, total phosphorus, total nitrogen), speciated aluminum (total monomeric
aluminum and inorganic monomeric aluminum), and earth metals (dissolved calcium, magnesium,
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sodium, potassium and aluminum). Samples were collected from acid lakes three times per year in
the spring, summer and fall. Water samples for chemical and nutrient analysis were collected from
the epilimnion and hypolimnion using a Wildco 1.2 liter acrylic Kemmerer water sampler when
the study sites were stratified and the total depth was greater than 3 m. Surface grab samples were
collected in Big Mud Pond because it is polymictic and < 3m. All samples were collected at the
deepest point in each lake. Samples were stored in 1L amber Nalgene bottles on ice and then at 4C
upon returning to the laboratory.
The VT DEC has not historically collected samples for phytoplankton community
composition analysis. For this study, phytoplankton samples were collected in 2018 and 2019 using
an integrated hose sampler at twice the Secchi depth, which is an approximation of the depth of the
photic zone. During sampling events for Beaver and Haystack Ponds, the hose was not long enough
to sample twice the Secchi depth, so the entire length of the hose (6m) was used to obtain the
sample. Surface grab samples were collected in Big Mud Pond because it has a shallow maximum
depth (1.5m).

Water Chemistry
Chemical and nutrient analyses are conducted by the Vermont Agriculture and
Environmental Laboratory (VAEL). Field pH was measured using a Hanna HI9026 pH meter.
Dissolved sulfate (SO42-), and dissolved nitrate nitrogen (NO32—N) were measured using ion
chromatography (Markey 2020). Samples for dissolved organic carbon (DOC) analysis were
syringe filtered in the field using an 0.2-um polycarbonate membrane filters paired with combusted
GF/F pre-filters into combusted amber glass bottles and stored in the dark on ice until returning to
the laboratory. Samples were analyzed by catalytic oxidation (Shimatzu total organic carbon
analyzer) (Morales-Williams et al. 2020). Long-term data of all chemical and physical analytes
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reported here are publicly available through Vermont’s Integrated Watershed Information System
database (IWIS, https://anrweb.vt.gov/DEC/IWIS/).

Phytoplankton analysis
Phytoplankton samples were settled in 1L graduated cylinders for a minimum duration of
hours equal to three times the column height in centimeters. To verify the sample had adequately
settled, 0.05 mL of sample water was sampled at multiple depths in the graduated cylinder and
observed at 400x magnification to assure there were no suspended cells. If no cells were found in
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solution, a low pressure pump with a volumetric pipette attachment was used to carefully remove
the upper water column, concentrating samples to achieve a desired concentration of approximately
15 to 30 natural units per view at 400x magnification. Settled samples were stored in Falcon 50 mL
conical centrifuge tubes wrapped in aluminum foil to prevent photodegradation.
For quantification and biovolume estimation, samples were gently mixed, and roughly 0.05
ml of sample water was extracted with a transfer pipette and placed in a nannoplankton counting
chamber (Phycotech). Samples were identified at the genus level at 400x and enumerated to 300
natural units using consecutive field transects. Biovolume was calculated by measuring the cell
dimensions of the first 30 operational taxonomic units (OTUs), then calculated per cell following
Hillebrand et al.24. Percent relative abundance of genera was calculated using biovolume.

Statistical Analyses
Evaluating Long-term Water Chemistry Trends
We used linear regression to analyze the direction and magnitude of seasonal long-term
changes (spring, summer, fall; 1985 to 2019) in surface water pH and DOC over time, and to assess
the amount of variability in DOC concentration explained by pH. No transformations were applied
to the data and model assumptions were met and validated by confirming homogeneity of variance
in a residual vs independent variable plot (Appendix B, Fig 20 & 21). Analyses were conducted in
R statistical software (Oksanen, J., Guillaume, F., Friednly, M., Roeland, K., Legendre 2019) ,(R
Core Team 2018).

Phytoplankton Community Analysis
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Phytoplankton diversity indices of genera richness and the Shannon-Weiner index (H’)
were calculated using percent relative abundance of

biovolume in the vegan package in

R(Oksanen, J., Guillaume, F., Friednly, M., Roeland, K., Legendre 2019). Richness was calculated
as total number of genera present at each sampling event. Changes in phytoplankton community
composition diversity at the genus level across sites over 2018 and 2019 sampling seasons were
assessed by using Shannon-Wiener indices (H’). Percent relative abundance of biovolume was used
to calculate diversity indices.
In order to assess dissimilarity in phytoplankton community composition across study sites
with along environmental gradients (pH, surface temperature, DOC, TP), we used non-metric
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multidimensional scaling (NMDS, R vegan package; Oksanen, J., Guillaume, F., Friednly, M.,
Roeland, K., Legendre 2019). We elected to use NMDS as an ordination method because it does
not assume linear relationships when working with ecological data and this ordination technique
can aid in identifying year to year changes in phytoplankton assemblages(Rothenberger et al. 2009;
Lee et al. 2015).

Results
Long-term Water Chemistry Analysis
We found significant positive linear relationships between pH and DOC in Bourn and
Haystack ponds (Bourn: n = 67, R2=0.08, p < 0.05; Haystack: n = 64, R2=0.2, p < 0.05), a negative
relationship in Big Mud Pond (n = 65, R2=0.08, p < 0.05), and no significant relationship (however,
the trend is directionally positive) between pH and DOC in Beaver Pond (n=68, R 2=-0.007, p >
0.05; Fig. 13). We found significant positive linear increases in pH over the monitoring period
across time at all sites, and at Beaver Pond we detected a directionally positive trend but not a
significant relationship (Fig. 14). In Beaver Pond there was not a significant increase in surface
water pH over time and trends remain consistent. Seasonal patterns in DOC concentration varied
across the study sites. DOC increased linearly across seasons over the monitoring period with
interaction between fall and summer concentrations at all sites. A previous study by Diamond et al.
(2020) on Beaver Pond identified a breakpoint in surface water DOC data that revealed a significant
increase in DOC following a 2001 breakpoint (Fig. 2c). Following ~2012 DOC concentrations
remain consistent (Fig. 15). The only significant trends of increased surface water temperature
were during the summer in Haystack (R2 =0.6, & p < 0.05) and Bourn Pond (R2 = 0.3 & p < 0.05).
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Phytoplankton Community Composition
In total, 60 genera were identified in the 2018 samples and 50 taxa were identified in 2019
samples; taxa identified were grouped into nine classes for further analysis. We focused our
analysis on percent relative abundance by biovolume to assess the diversity of phytoplankton
community composition (Fig. 16). Both sample years contained diverse phytoplankton
communities often dominated by chrysophytes and chlorophytes. Cyanobacteria were present in all
samples at ambient levels but their percent relative abundance of biovolume was variable across
sites ranging from <1% - 9% in 2018 and <1% - 51% in 2019.
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Chrysophytes were dominant in Beaver Pond in 2018 across seasons (Dinobryon

bavaricum), amounting to more than 50% of total composition per season, followed by
chlorophytes (spring: 13.2% , summer: 5% , fall: 8%) Cyanobacteria (>5% in the fall and 5% in
the spring) and dinoflagellates (spring: 4.1%, summer: 21.5% , fall: 27% ). Dinoflagellates were
dominant in Beaver Pond in spring 2019 contributing to more than 80% (Peridinium sp.) of
biovolume but made up less than 10% in the summer and fall. Chrysophytes were present in high
concentrations (spring: 4%, summer: 45%, fall: 71%) and cyanobacteria were present at ambient
levels (< 2%) in the spring and fall (2019) samples.
In Big Mud Pond, chlorophytes (primarily Spirogyra sp.) dominated the spring and
summer samples in 2018 accounting for 99% biovolume in the spring and summer and 88% relative
abundance in the fall. Diatoms (primarily planktonic Aulacoseira sp.) contributed to community
composition (8.4%) in the fall. Phytoplankton communities in 2019 follow a similar trend with
Spirogyra sp. accounting for 99% biovolume in the spring and 80% biovolume in the summer in
Big Mud. Fall 2019 sample of Big Mud Pond reveal a shift in community composition with the
presence of diatoms (Aulacoseira sp.) and chrysophytes (D. bavaricum) making up most of the
community composition, 46% and 43% respectively. Additionally, cryptophytes are present in Big
Mud in the summer (7.8%) and fall (9%).
Spirogyra spp. were the dominant taxa present in Haystack Pond and contributed to 83%
biovolume in the summer and 99% biovolume in the fall. Other taxonomic groups present in the
summer were chrysophytes (8%) and cyanobacteria (13%). Trends in 2019 are similar to those of
the previous year, however, communities were more diverse in the summer and increased in
chrysophytes (Dinobryon bavaricum) (49%), cyanobacteria (6%), chlorophytes (Spirogyra spp.,
62%), and cryptophytes (25%) in the fall. Cyanobacteria were dominant in summer 2019 (51%),
followed by diatoms (27%) and chlorophytes (16%). Fall (2018) and summer (2019) samples from
Bourn Pond have similar community composition; the 2018 fall sample is primarily comprised of
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diatoms (33%) and chrysophytes (52%) and recorded a small percentage of cyanobacteria (1%). In
2019, there was a decrease in chrysophytes and an increase in cyanobacteria, which make up 51%
of community composition. Chlorophytes (16%) and Chrysophytes (4.8) were also present in this
sample.

Community biodiversity
We estimated alpha diversity across seasons and sites using generic richness and Shannon
H’ indices. Shannon H’, which accounts for both richness and evenness, was highest in Beaver
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Pond in the summer (2018: 2.2, 2019: 1.4), though richness alone was highest in the spring in both
2018 and 2019 (Fig. 16). In contrast, H’ was lowest in spring and summer months in Big Mud Pond
(spring 2018: 0.0089, spring 2019: 0.003, summer 2018: 0.003, summer 2019: 0.8) and was highest
in fall (2018: 0.63, 2019: 1.37), with the lowest values of richness in summer (2018: 15, 2019: 12).
Samples from Bourn Pond occurred in different seasons so a comparison from one year to another
for the same season was not possible, however summer communities in 2018 were more diverse
(H’) than fall of 2019 (1.72 and 1.42, respectively). In Haystack Pond H’ was lowest in fall 2018,
but highest in fall 2019 (from 0.0013 and 1.309 respectively; Fig. 17).
Taxonomic richness was calculated by season (Fig. 18). Across study sites, richness was
variable and was often highest in the spring or fall. Results show a decline in overall taxonomic
richness in all ponds except Haystack, where it increased in 2019. The phytoplankton community
in Beaver Pond was the most diverse according to genera richness in the spring (both sample years).
Big Mud Pond recorded its highest taxonomic richness in the fall (2018) and in the spring (2019).
Bourn and Haystack had lower genera richness than Beaver and Big Mud, though this may be due
to missing spring samples for these sites.

NMDS
We used NMDS as an ordination method due to its ability to handle non-linear responses
in data and to aid in our establishment of the year-to-year differences in phytoplankton community
structure as it relates to environmental conditions (Rothenberger et al. 2009; Schneider Filip
Oulehle Pavel Krám Jakub Hruška 2017). NMDS analyses from our 2018 and 2019 study sites
indicate strong correlations between broad taxonomic groups and environmental variables (Fig.
19). Using envfit function (vegan package, R) we fit environmental vectors onto the ordination.
Vectors obtained from continuous environmental variables provide direction cosines which
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determine the unit length of the arrows. Longer arrow segments are more strongly correlated with
the data than those with a shorter segment. The strongest predictors in 2018 were between DOC
concentrations and chrysophytes, cryptophytes and cyanobacteria and temperature with
chlorophytes. In 2019, cyanobacteria was strongly associated with pH and diatoms were associated
with total phosphorus concentrations (diatoms were weakly correlated with TP in 2018). Though
they were clustered together, we did not identify relationships between cryptophytes, chrysophytes
and dinoflagellates with environmental variables in 2019.
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Discussion
Our results provide evidence of changes in water chemistry at the study sites since the
establishment of the VTLM program of acid impaired lakes. Observations from this study offer
insights into the current phytoplankton community composition of Beaver, Bourn, Big Mud and
Haystack Ponds. Specifically, pH and DOC trends have increased significantly in three of the four
(DOC in Beaver Pond increased significantly from ~1980-2012). We characterized phytoplankton
community composition and found variability across study sites along gradients of pH, DOC, TP,
and temperature. We found ambient concentrations of potentially bloom-forming cyanobacteria at
all study sites, but did not observe blooms at our sampling events.

Long-term Water Chemistry Trends
The pH of Bourn, Big Mud and Haystack increased steadily in recent decades indicating
recovery from acidification. These trends are consistent with studies conducted in the Sudbury
Lakes Region of Ontario, Canada and in the Northeast U.S., in which long-term data were used to
document evidence of chemical recovery from acidification (Stoddard et al. 1999; Driscoll et al.
2007; Keller et al. 2007b). Dissolved organic carbon concentrations in all ponds significantly
increased over the long-term monitoring period. Dissolved organic carbon in aquatic ecosystems is
an important mediator of light attenuation, thermal dynamics, and ecosystem metabolism (Driscoll
et al. 2007; Read and Rose 2013; Williamson et al. 2015). We observed concurrent increases in pH
and DOC in Bourn and Haystack Pond, these trends are similar to those that have been documented
in lakes throughout the northeast United States (Driscoll et al. 2003; Stoddard et al. 2003; Strock
et al. 2014). Additionally, we observed a negative relationship between increasing pH and DOC in
Big Mud Pond and no significant relationship between the two variables in Beaver Pond. We did
not detect any significant trends of increased surface water temperatures in the ponds in this study.
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Phytoplankton Biodiversity

A primary focus of this study was to assess the relative abundance of potential bloomforming cyanobacteria in Vermont’s acid lakes. While lakes in this study were primarily dominated
by chlorophytes, chrysophytes, diatoms, and dinoflagellates, cyanobacteria were present at low
concentrations across seasons and sites. Specifically, cyanobacteria were present in 88% of
samples and their percent relative abundance of biovolume ranged at sites from <1-7%. However,
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the 2019 summer sample from Bourn Pond was an outlier with cyanobacteria (Dolichospermum
sp.) contributing to 51% biovolume. Cyanobacteria have a range of auxiliary pigments which
expand their ability to capture light used by photosynthesis and have buoyancy controls allowing
them to migrate vertically in the water column to obtain nutrients and access the euphotic zone
when resources are low (Carey et al. 2012; Huisman et al. 2018; Senar et al. 2021). Consistently in
the fall, Microcystis sp., Chroococcus sp., Aphanocapsa sp. were the dominant genera of
cyanobacteria present. These findings are consistent with recent work in Ontario, Canada, which
found Aphanocapsa sp. and Chroocuccus sp. dominant in lakes recovering from acidification. We
identified acid tolerant (dinoflagellates, chlorophytes) and acid sensitive (chrysophytes)
phytoplankton genera suggesting shifts in water chemistry have allowed for more diverse
community composition. In our study lakes, the presence of cyanobacteria appears to be associated
with slightly acidic waters and DOC concentrations of ~6.1 mg/L, slightly above the 5.7 mg/L DOC
global median (Williamson et al. 2016). While more work is needed to determine the risk of harmful
blooms in Vermont’s acid impaired lakes, the presence of bloom forming cyanobacteria suggest
they may be on this trajectory.
We aimed to identify indicator species in our samples that have known tolerances for
certain pH levels in aquatic environments. Past research has identified chrysophyte species as acidsensitive due to their decline following artificial acidification (Findlay et al. 1999; Arnott et al.
2001b). Chrysophyte dominance in Vermont’s acid lakes therefore provides biological evidence
of recovery from acidification (Arnott et al. 2001b). Dinobryon bavaricum were most dominant in
the summer and fall at all study sites. This genera was most abundant in Beaver Pond, which has
the highest average pH (6.2 ± 0.2) of the study sites. Additionally, it is known to be found in
oligotrophic systems that are slightly acidic. D. bavaricum are likely successful in brown lakes
because their mixotrophic lifestyle allows them to use heterotrophic metabolism when light levels
are prohibitive for photosynthesis (Lepistö and Rosenström 1998; Jones 2000).
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The response to artificial acidification in a study conducted in the Experimental Lakes Area
of Canada found that when pH was experimentally reduced from 6.0-5.0, a shift in species
dominance from chrysophytes to dinoflagellates and chlorophytes occurred (Findlay et al. 1999).
Haystack and Big Mud Ponds had the lowest average pH (5.5 and 5.6 respectively) in this study.
We identified chlorophytes (Spirogyra sp., Tetrabaena sp.) and diatoms (Aulacoseira sp,
Tabellaria sp, Discostella sp.) as dominant taxa along with ambient levels of cyanobacteria at
Haystack Pond. These observed patterns in community composition could be influenced by an
increasing pH, while still categorized as slightly acidic.
Due to their low nutrient concentrations and brown coloring (due to high concentrations of
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humic matter), Beaver, Big Mud and Bourn are classified as dystrophic ponds (Calderó-Pascual et
al. 2020). We identified flagellate taxa, Cryptomonas sp. and synurophyte Uroglena sp., which are
both facultative mixotrophs. In darker colored waters, flagellated phytoplankton can migrate to and
from the euphotic zone making this a successful survival mechanism in low light environments
(Lepistö and Saura 1998). Diatoms (Aulacoseira sp. and Tabellaria flocculosa) were abundant in
Big Mud across sample years and seasons. Both taxa are planktonic species that can tolerate a wide
range of pH and slightly acidic waters (Willen 1991), consistent with Big Mud and Bourn’s high
DOC concentration and pH that is slightly acidic.
We found that taxonomic richness declined in Beaver, Big Mud (spring, summer and fall
samples) and Bourn Ponds (summer, fall) between 2018 to 2019. However, Haystack Pond, which
has the lowest pH and DOC concentrations increased in taxonomic richness. This could be largely
explained by the steady increase of DOC and pH as environmental factors, making the environment
amenable to more diverse taxa of phytoplankton. Seasonally, patterns in Beaver Pond were
consistent with spring sampling recording the greatest taxonomic richness with summer and fall
following. Big Mud Pond was less predictable; in 2018, fall recorded the greatest taxonomic
richness (22) whereas spring of 2019 was the most taxonomically rich (21). Both summers recorded
the lowest taxonomic richness. This could be due to the dominance of Spirogyra sp, a filamentous
green algae. This genera was dominant taxa in the summer months and is known to thrive in warmer
water temperatures during the late spring and early summer months and can form algal mats on
surface waters, maximizing their productivity while outcompeting other phytoplankton (Berry and
Lembi 2000).
We used Shannon-Wiener as a phytoplankton biodiversity measure and found clear
seasonal trends at the various study sites. We classify Beaver Pond as moderate DOC system (6.1
mg/L) and observed a decrease in diversity (H’) from summer to fall during both sample years. The
observed changes in biodiversity between the seasons coincide with changes in seasonal DOC
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concentrations which decline from summer to fall. This shift in water clarity may favor dominant
dinoflagellates and chrysophytes due to their ability to migrate in the water column (Senar et al.
2021).
Consistently, diversity in Big Mud Pond is highest in the fall. This coincides with changes
in community composition with the introduction of diatoms in the fall and shifting away from
Spirogyra sp. (chlorophyte), which contributed to ~99% of the total phytoplankton community
biomass in the spring and summer months. Seasonal pH in Big Mud Pond is highest during the fall
throughout the monitoring period—elevated pH combined with warmer surface water from
summer months may aid recruitment and support a more diverse group of phytoplankton
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(Kwiatkowski and Roff 1976). Similar to Big Mud, the decline of the Shannon-wiener index from
0.69 to 0.001 in Haystack Pond from the summer to fall in 2018 is accompanied with the shift from
community composition comprised of predominately chlorophytes, chrysophytes and
cyanobacteria, to ~99% of biomass being chlorophytes in the fall.
Results from our NMDS analysis were used to investigate environmental predictors of
phytoplankton assemblage patterns. There was variation of taxonomic groups over the two year
study period at our four study sites. We identified length of environmental vectors with their
proximity to taxonomic groups as relatively similar, and those that were further apart, shorter, or
not associated with an environmental vector as dissimilar. Between the two study years and across
all sites, variables we closely monitored in this study (pH and DOC) were strongly associated with
cyanobacteria (DOC in 2018, pH in 2019) suggesting that as lake ecology continues to shift,
conditions may favor the development of cyanobacteria (Fig. 19a). In 2018 DOC was a strong
predictor of chrysophytes and cryptophytes. Both taxa were most dominant in moderate DOC lakes
and primarily consisted of D. bavaricum and Peridinium sp. which, along with cyanobacteria, are
known for their motility allowing them to migrate within the water column to access the euphotic
zone and nutrients when resources are low (Heinze and Sanders 2009; Izquierdo López et al. 2018).
We observed a strong association between chlorophytes and temperature in 2018. Spirogyra sp.
was the dominant genera present in our study at Big Mud and Haystack Ponds. Previous inlaboratory experiments have identified their optimal temperature for growth at 25°C, and while
temperatures of Big Mud and Haystack are slightly below this optimum (21°C and 21.5°C,
respectively), warmer surface water temperature may explain the linkage between the two (Kumar
et al. 2016).
There were fewer strong correlates between phytoplankton and environmental variables in
2019 (Fig. 19b) NMDS results indicate a strong correlation between pH and cyanobacteria
abundance, which is different from 2018 where cyanobacteria was correlated with DOC. This
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result reflects the fluctuation between the percent relative abundance of biovolume of cyanobacteria
between the two years (18% in 2018 and 61% in 2019 across all samples at all sites) in conjunction
with increasing pH trends in our study lakes. Furthermore, it supports our prediction that acid
impaired lakes may be able to support bloom forming cyanobacteria in the future. Diatoms were
correlated with TP concentrations in 2019 suggesting that increased nutrient sources, potentially
via terrestrial run-off or in-lake processes may promote diatom growth (Bennion and Simpson
2011).
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Conclusions
We have identified changes in water chemistry in acid impaired lakes, quantified the
relative abundance of phytoplankton, and assessed the taxonomic richness of community
composition within each study site. We found that there have been significant increases in pH and
DOC concentration since the 1980s in three out of four of our study sites, changes that signify
recovery from acidification. We have also observed different phytoplankton genera that are known
for their low-tolerance to acidic waters in addition to ambient concentrations of cyanobacteria at
some study sites. Findings from this study emphasize the importance of long-term monitoring and
provide the groundwork to continue to study acid impaired lakes as we seek to further understand
the complex dynamics of sensitive alpine systems.
These data provide us with a preliminary understanding of biological response to
acidification. Our findings suggest further analysis and next steps to advance research would be 1)
the continuation of long-term monitoring of water chemistry 2) regular phytoplankton sampling,
enumeration and quantification in this set of acid impaired lakes 3) assess the community
composition of phytoplankton in Vermont lakes compared to similar geographic regions and 4)
better understand the presence of cyanobacteria communities in acid impaired lakes. The ability to
assess phytoplankton community composition is key to understanding how these sensitive systems
are recovering from acidification and if changes in their ecology will result in the formation of
cyanobacteria blooms in the future. Moving forward, our conclusions are important for
understanding how remote acid impaired lakes are recovering from acidification and how changes
from altered water chemistry are reflected in phytoplankton community composition.
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Figure 12. Map of Vermont, USA. The four study sites for this
project are identified by a black star.
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Figure 13. Long-term surface water trends of DOC in response to changes of pH at the individual study sites. Haystack
and Bourn had significant positive relationships between DOC and pH, Big Mud had a significant negative relationship
and Beaver had no significant relationship between the two variables.
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Figure 14. Seasonal trends of pH at the sample locations since the beginning of the monitoring period. All sites except
Beaver Pond have significantly increased in pH over time. Beaver Pond : R2 = 0.004, p>0.05, Bourn Pond: R2 =0.6,
p<0.05, Haystack Pond: R2 =0.6 , p<0.05, Big Mud Pond: R2 = .3, p<0.05.
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Figure 15. Seasonal trends of DOC (mg/L) at the sample locations. Beaver Pond : R2 = 0.001 , p>0.05,
Bourn Pond: R2 =0.3, p<0.05, Haystack Pond: R2 =0.4 , p<0.05, Big Mud Pond: R2 =0.1, p<0.05.
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Figure 16. Percent biovolume of phytoplankton community composition at the study sites during the two-year study
period.
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Figure 17. Shannon-Wiener (H’) diversity indices analyzed by season across the sample sites in 2018 and 2019.
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Figure 18. Taxonomic richness across study sites. Results include all genera identified at each site across all
seasons. Samples are grouped by year.
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Figure 19. Non-Metric Multi-dimensional scaling (NMDS) ordination using axes 1
and 2 to determine distances between broad taxonomic groups in our study lakes in
201 (A) and 2019 (B). Environmental variables (pH, Temperature (deg C), total
phosphorus (TP), and DOC (mg/L) from the respective sampling season were plotted
passively in the ordination.
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Table 5 Select lake characteristics of study lakes summarizing values from long-term monitoring data.

Pond

Location

Depth

SA

(m)

(ha)

pH

DOC

Temp

(mg/L)

(C)

45.00566, -71.94162

25.1

15.2

6.5  0.2

6.1  0.6

21.5  4.1

Big Mud

43.18520, -72.55520

1.5

6.1

5.3  0.3

9.5  2.1

20.1  0.6

Bourn

43.06160, -73.00160

8.1

22.4

5.5  .3

6.1  1.2

20.3  0.8

Haystack

42.55020, -72.55020

11.9

11

5.2  .3

1.2  0.7

21.6  0.1

22

Beaver

Data includes total depth, surface area (SA), pH, dissolved organic carbon (DOC), surface water
temperature (Temp C), and total phosphorus (ug/L) (TP)Watershed characteristics for the study sites
were obtained from VT DEC’s Integrated Watershed Information System (IWIS). Averages represent
data from summer surface water samples from the study sites for the duration of the long-term
monitoring to the beginning of this project (1985-2018).
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Appendix B

22
Figure 20. Model assumptions linearity assessing pH concentrations at the various study sites as
portrayed in residual vs independent plots.
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22
Figure 21. Model assumptions of linearity assessing DOC (mg/L) concentrations at the various study sites
as portrayed in residual vs independent plots.
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